Electroencephalographic (EEG) data were recorded in 69 normal elderly (Nold), 88 mild cognitive impairment (MCI), and 109 mild Alzheimer's disease (AD) subjects at rest condition, to test whether the fronto-parietal coupling of EEG rhythms is in line with the hypothesis that MCI can be considered as a pre-clinical stage of the disease at group level. Functional coupling was estimated by synchronization likelihood of Laplaciantransformed EEG data at electrode pairs, which accounts for linear and non-linear components of that coupling. Cortical rhythms of interest were delta (2-4 Hz), theta (4-8 Hz), alpha 1 (8-10.5 Hz), alpha 2 (10.5-13 Hz), beta 1 (13-20 Hz), beta 2 (20-30 Hz), and gamma (30-40 Hz). Compared to the Nold subjects, the AD patients presented a marked reduction of the synchronization likelihood (delta to gamma) at both fronto-parietal and inter-hemispherical (delta to beta 2) electrodes. As a main result, alpha 1 synchronization likelihood progressively decreased across Nold, MCI, and mild AD subjects at midline (Fz-Pz) and right (F4-P4) fronto-parietal electrodes. The same was true for the delta synchronization likelihood at right fronto-parietal electrodes (F4-P4). For these EEG bands, the synchronization likelihood correlated with global cognitive status as measured by the Mini Mental State Evaluation. The present results suggest that at group level, fronto-parietal coupling of the delta and alpha rhythms progressively becomes abnormal though MCI and mild AD. Future longitudinal research should evaluate whether the present EEG approach is able to predict the cognitive decline in individual MCI subjects.
Introduction
Holy Grail of research on pathological aging is the early detection of Alzheimer's disease (AD) at pre-clinical stage, Previous studies have investigated the electrophysiological substrate of AD. In mild AD, electroencephalographic (EEG) rhythms differ from normal elderly (Nold) and vascular dementia subjects, AD patients being characterized by higher delta (0-4 Hz) and lower posterior alpha (8) (9) (10) (11) (12) (13) Hz [7, 28, 29, 45, 88] ). Abnormality of the EEG rhythms in dementia has been associated with altered regional cerebral blood flow (rCBF)/metabolism and cognitive function, as assessed by the Mini Mental State Examination (MMSE) [25, 47, 51, 52, 74, 75, 80, 90, 92, 93, 100, 101, 109] . Similarly, MCI subjects have shown an increase of theta (4) (5) (6) (7) power [43, 50, 119] as well as decrease of alpha power [40, [43] [44] [45] 50, 119] , when compared to Nold subjects. These EEG parameters have presented an intermediate magnitude in MCI subjects with respect to those observed in normal subjects and dementia patients [32, 45, 48] .
Despite the converging evidence of abnormal cortical rhythms in MCI and AD, EEG power analysis alone is unable to predict conversion from MCI to dementia. It is reasonable that additional biological parameters are needed for this purpose. In this regard, several studies have shown that AD is also characterized by an abnormal linear coupling of EEG rhythms between cortical regions, as revealed by spectral coherence [1, 49, 59, 67, 79, 113, 114] . Indeed, EEG coherence represents the covariance of the spectral activity at two electrode locations and can be considered as a rough measure of the temporal synchronicity of coupled neural populations. In that sense, it roughly reflects functional cortical coupling or connectivity. This is of interest since functional cortical coupling is modulated by cholinergic systems [116] and AD is characterized by a disruption of basal forebrain cholinergic inputs to cortex and hippocampus [69] . Thus, a decrease of cortical EEG coherence may be a fine marker of AD.
Most of the EEG studies in AD patients have reported a prominent decrease of EEG-MEG coherence at the alpha band [1, 12, 13, 48, 49, 59, 64, 65, 67, 79, 113, 114] . The reduction of alpha coherence in AD patients has been also found to be associated with ApoE genetics risk of dementia, which is supposed to be mediated by cholinergic deficit [49] . Instead, coherence at the delta and theta bands has been less straightforward. Some studies have shown a decrement of slow EEG coherence in AD patients [1, 23, 30, 64] , whereas others have reported its increase [20, 67] .
It should be remarked that EEG spectral coherence is able to disclose just the linear interactions between pairs of cerebral oscillators, which are reflected by a coupling of synchronous EEG oscillations. This is clearly a limitation when the functional connectivity between two areas is investigated at large. To account for both linear and non-linear coupling (i.e. coupling of asynchronous oscillations) of cortical rhythms, several new methods have been proposed from the theory of non-linear dynamical systems [3, 66, 98, 99] . One of the most promising methods is the so-called synchronization likelihood, which combines sensitivity to linear and non-linear functional coupling of EEG rhythms with a high time resolution [103] . Global synchronization likelihood of resting EEG data (each channel versus all others) has been shown to be significantly decreased at 10-12, 14-18, and 18-22 Hz bands in AD patients, when compared to MCI and/or Nold subjects [85, 105] . When applied to magnetoencephalographic data [104] , global synchronization likelihood was found to be lower in mild AD compared to Nold subjects at upper alpha (10-14 Hz), upper beta (18) (19) (20) (21) (22) , and gamma (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) bands.
Recently, synchronization likelihood has been computed in aged subjects taking into account the topographical features of EEG functional coupling [10] . It has been shown that frontoparietal synchronization likelihood of EEG alpha rhythm distinguished AD patients from Nold and vascular dementia subjects [10] . Keeping in mind the results of the mentioned study, the present investigation tested whether the fronto-parietal coupling of the alpha rhythms progressively decreases across Nold, MCI, and mild AD subjects. The hypothesis is that at group level, such a fronto-parietal (rather than inter-hemispherical) EEG coupling is sensitive to the pre-clinical stage of the disease in MCI subjects.
Methods

Subjects
For the present multicentric EEG study, 109 mild AD patients, 88 MCI patients, and 69 Nold subjects were recruited in the framework of several local projects on biologic correlates of pathological aging. The multicentric nature of the study allowed a relatively fast recruitment of the experimental subjects over a large territory, an important aspect for the generalization of the results. All clinical units provided a balanced number of subjects for the three mentioned groups. Local institutional ethics committees approved the study. Informed consent was obtained from all participants or their caregivers, according to the Code of Ethics of the World Medical Association (Declaration of Helsinki) and standards established by the Authors' Institutional Review Boards. The recruitment of the subjects was not "consecutive", since the aim of the study focused on subjects having certain age features, global cognitive status, and the availability of artifact free EEG data. Most of the MCI and AD subjects were evaluated during the course of the diagnostic phase.
Diagnostic criteria
Probable AD was diagnosed according to NINCDS-ADRDA [68] and DSM IV criteria. All recruited AD patients underwent general medical, neurological and psychiatric assessments. Patients were also rated with a number of standardized diagnostic and severity instruments that included the Mini Mental State Examination [35] , the Clinical Dementia Rating Scale (CDR [46] ), the 15-item version of the Geriatric Depression Scale (GDS [118] ), the Hachinski Ischemic Scale (HIS [96] ), and the Instrumental Activities of Daily Living scale (IADL [62] ). Neuroimaging diagnostic procedures (CT or MRI) and complete laboratory analyses were carried out to exclude other causes of progressive or reversible dementias, in order to have a homogenous AD patient sample. Exclusion criteria included, in particular, evidence of (i) frontotemporal dementia, (ii) vascular dementia based on clinical and radiological grounds, (iii) extrapyramidal syndromes, (iv) reversible dementias (including dementia of depression), and (v) fluctuations in cognitive performance and visual hallucinations (suggestive of a possible Lewy body dementia).
Inclusion and exclusion criteria for MCI diagnosis aimed at selecting elderly persons with objective cognitive deficits, especially in the memory domain, who did not meet criteria for dementia or AD [81] . Inclusion criteria for MCI subjects were: (i) objective memory impairment on neuropsychological evaluation, as defined by performances ≥1.5 standard deviation below the mean value of age and education-matched controls for a test battery including Busckhe-fuld and Nold subjects were recruited mainly among patients' spouses. All Nold subjects underwent physical and neurological examinations as well as cognitive screening (including MMSE). Subjects affected by chronic systemic illnesses (i.e. diabetes mellitus or organ failure) were excluded, as were subjects receiving psychoactive drugs. Subjects with a history of present or previous neurological or psychiatric disease were also excluded. All Nold subjects had a GDS score lower than 14. Table 1 reports the mean values and standard error of relevant personal and clinical parameters of mild AD, MCI, and Nold subjects. As expected, women were overrepresented in the AD group. As there is no previous evidence of gender-specific effects on EEG rhythms, it was felt that this would not interfere with the results. Among these variables, age and education were used as covariates in the statistical evaluation of cortical sources of EEG rhythms, to remove possible confounding effects. Of note, the results showed in Section 3 were confirmed by a control analysis in which data referred to subsets of the three groups fully matched for age.
EEG recordings
EEG data were recorded in resting subjects (eyes-closed) by specialized clinical units. All EEG recordings were performed (0.3-70 Hz bandpass) from 19 electrodes positioned according to the International 10-20 System (i.e. Fp1, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2). A specific reference electrode was not imposed to all recording units of this multicentric study, since data were made reference-free by Laplacian transformation of the EEG activity. To monitor eye movements, the electrooculogram (0.3-70 Hz bandpass) was also collected. All data were digitized in continuous recording mode (5 min of EEG; up to 256 Hz sampling rate). In all subjects, EEG recordings were performed in the late morning. State of vigilance was controlled by visual inspection of EEG traces during recording session and subjects' drowsiness was avoided by verbal warnings. At the time of EEG recording, no patient received medications that could influence EEG rhythms such as benzodiazepines. Of note, EEG recordings lasting 5 min allowed the comparison of the present results with several previous AD studies using either EEG recording periods shorter than 5 min [7, 10, 21, 73, 89, 94, 109] or shorter than 1 min [28, 29] . Longer resting EEG recordings in AD patients would have reduced data variability but would have increased the possibility of EEG rhythmic oscillations slowing because of reduced vigilance and arousal.
The EEG epochs with ocular, muscular and other types of artifacts were preliminary identified by a computerized automatic procedure [72] . Two expert electroencephalographers double-checked and confirmed visually the automatic selections. They were blind to the diagnosis of the subjects. The EEG epochs contaminated by artifacts were removed.
Surface Laplacian estimation
Artifact-free EEG data were spatially enhanced by surface Laplacian estimation (regularized 3-D spline function), which reduces the head volume conduction effects and has been found to be useful in detecting linear and non-linear dynamics [5, 8, 76, 108] . The single trial analysis was carefully repeated on the Laplacian-transformed EEG data, to discard the single trials contaminated by residual computational artifacts.
The results of the aforementioned study [10] encouraged the Laplaciantransformation of the EEG data before the analysis of the synchronization likelihood in aged subjects. However, it should be remarked that the surface Laplacian estimates should always be interpreted with caution. First, the surface Laplacian maxima might not always overlie the cortical sources of EEG potentials, due to the influence of both radial and tangential cortical generators [5] . This limitation might be less important here, since radial cortical sources are supposed to prevail in the generation of EEG rhythmicity. Second, the surface Laplacian estimate might be not fully reliable when computed at the border electrodes [31] . For this reason, we did not consider temporal electrodes in the final data analysis. Third, the "low" resolution of our EEG spatial sampling (19 recording channels) only permitted the evaluation of large regions of interest such as frontal, central, and parietal areas of both hemispheres. Such a coarse level of anatomical description took well into account the slight changes in brain volume provoked by atrophy processes occurring at early AD stages.
Another important methodological issue is the influence of the spline Laplacian estimators on the computation of the functional coupling with synchronization likelihood. In this regard, recent investigations have shown that artifactual effects are negligible in the following conditions: correct implementation of spline Laplacian functions [78] , calculation of coherence at scalp electrodes more than 3 or 4 cm apart, and exclusion of border electrodes [77, 78] . Here, we strictly followed these guidelines [4, 5, 8, 9] .
Synchronization likelihood
Synchronization likelihood is a measure of the dynamical interdependencies between a time series (EEG channel) and one or more other time series [103] . In contrast to EEG spectral coherence probing the linear interactions between two cerebral areas (i.e. coupling of synchronous oscillations), synchronization likelihood measures linear as well as non-linear (i.e. coupling of asynchronous oscillations) interdependencies. It can do so as a function of time, making it suitable for non-stationary time series. A detailed technical description of synchronization likelihood can be found in the paper by Stam and van Dijk [103] . Briefly, we consider two dynamical systems, X and Y. These systems can be thought of as neural networks underlying the EEG recorded at two different electrode positions. In this framework, the dynamics of X and Y can be represented by vectors X i and Y j in their respective state spaces; such state space vectors can be obtained from the time series by time-delay embedding [110] . In the EEG framework, the concept of "state of the system" is practically expressed in terms of the level of neural synchronization of the neural networks underlying the potentials recorded at two electrode positions. Such a level neural synchronization would be expressed by the amplitude of the EEG voltage. We can now define "synchronization" as the likelihood that the state of one system is a function F of the state of the other system: X = F(Y). Function F does not need to be linear; only requirement is that it is locally smooth. This concept can be put in practice by synchronization likelihood, which is simply the chance that, if system X is in the same state at two different times i and j, then system Y will also be in the same state at time i and j. The condition of "being in the same state" is operationalized by computing distances between vectors X i and X j . If this distance is smaller than a small critical distance r cutoff , X is in the same state at time i and j. In case of complete synchronization, synchronization likelihood = 1; in case of independent systems, synchronization likelihood equals the chance that two random vectors of Y will be closer than r cutoff . To this purpose, r cutoff is chosen separately for X and Y, so that the likelihood of random vectors are close and can be fixed at a known low value called p ref (usually chosen to be 0.05). When two systems X and Y have independent dynamics, synchronization likelihood = p ref . For the state space reconstruction, an embedding dimension of 10 was used with a vector data lag of 10. Finally, in order to avoid the effects of a potential correlation between adjacent data points, Theiler correction was introduced with a value of 100 data points [112] ; the value of p ref was 0.01.
It should be remarked that there are no established criteria for the fine tuning of the parameters for the computation of the synchronization likelihood. With respect to our previous study [10] , the availability of more powerful computers allowed us to enhance the accuracy of the measurement of synchronization likelihood at the expense of the computation time. This was possible by means of slightly different parameters, which have been successfully utilized in a very recent study on EEG synchronization in AD patients [106] . From a quantitative point of view, they slightly deflate the values of the synchronization likelihood, when compared to the values obtained with the parameters we used previously [10] .
For the computation of the synchronization likelihood, we used artifact-free 16 s epochs (sample frequency 256 Hz; 4096 samples) of Laplacian-transformed EEG data. These data were preliminary bandpass filtered (digital off-line filter with no phase-shift), in order to analyze separately the synchronization likelihood in the following frequency bands: delta (2-4 Hz), theta (4-8 Hz), alpha 1 (8-10.5 Hz), alpha 2 (10.5-13 Hz), beta 1 (13-20 Hz), beta 2 (20-30 Hz), and gamma (30-40 Hz). These band frequencies were chosen averaging those used in previous relevant EEG studies on dementia [14, 27, 50, 63, 91] . Of note, the synchronization likelihood method models both non-linear and linear functional coupling between two time series and it has been applied to data filtered (narrow band) with linear approaches such as FFT [103] . The preliminary bandpass filtering of the data is a useful procedure to model the functional coupling at frequency bands of physiological interest. In particular, this procedure allows the detection of changes in the functional coupling even when limited to a single narrow band. On the other hand, the preliminary linear filtering might affects the balance of the non-linear and linear components of functional coupling as revealed by the synchronization likelihood. This issue should be taken into account in studies aimed at dissociating the linear from the non-linear aspects of coupling. Details on space reconstruction, embedding dimension, and Theiler correction were reported elsewhere [103] .
Computation of the individual alpha frequency has previously provided useful information in the evaluation of different kinds of dementia [71] . In that study, it has been shown that the slowing of the alpha frequency peak in vascular dementia and mild AD does not overcome, on average, the limit of 8 Hz. Therefore, the alpha 1 band here included the alpha frequency peak of the vast majority of all subjects considered. Finally, the use of standard frequency bands allowed a full comparison with the reference EEG study computing synchronization likelihood in subjects with AD and vascular dementia [10] .
Here, the synchronization likelihood was computed from pairs of electrodes for the evaluation of fronto-parietal functional coupling (intra-hemispheric) and callosal functional coupling (inter-hemispheric). The Fronto-parietal electrode pairs of interest were F3-P3, Fz-Pz, and F4-P4, while the inter-hemispheric electrode pairs of interest were F3-F4, C3-C4, and P3-P4 (Fig. 1). 
Statistical analysis of synchronization likelihood
The synchronization likelihood values (dependent variable) were compared by means of ANOVA analysis. The Mauchley's test evaluated the sphericity assumption. Correction of the degrees of freedom was made with the Greenhouse-Geisser procedure. The Duncan test was used for post hoc comparisons (p < 0.05).
A first ANOVA used the factors Subject (mild AD, MCI, Nold), Band (delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma), and Fronto-parietal electrode pair (F3-P3, Fz-Pz, F4-P4). Compared to it, the second ANOVA analysis used the factor Inter-hemispheric electrode pair (F3-F4, C3-C4, P3-P4) instead of the fronto-parietal one. In agreement with the working hypothesis, post hoc testing looked for synchronization likelihood values according to the pattern Nold > MCI > mild AD or Nold < MCI < mild AD (p < 0.05).
Statistically significant values of the synchronization likelihood were evaluated as type (linear and/or non-linear) of correlation with the MMSE score in all subjects as a whole group (Pearson test; Bonferroni corrected, p < 0.05). The linear correlation was computed with the r 2 values of the Pearson test (Bonferroni corrected, p < 0.05). The non-linear correlations were computed evaluating the coefficient of determination r 2 for exponential, logarithmic, and power functions. These r 2 values were computed with the following mathematical formula:
where n is the number of samples (i.e. subjects), y i the real value, and y is the approximated value calculated with the following formula:
Finally, r 2 of the non-linear simple functions was compared with r 2 of the linear function, to evaluate the prevalence of linear or non-linear EEG correlations between values of the synchronization likelihood and MMSE. hemispheric (bottom of the figure: F3-F4, C3-C4, P3-P4) electrode pairs at all frequency bands of interest (delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma). Compared to Nold subjects, both MCI and mild AD subjects had lower synchronization likelihood values. This was true at both fronto-parietal (especially at delta and alpha rhythms) and inter-hemispheric (especially at frontal delta and theta rhythms) electrode pairs. Of note, the synchronization likelihood values were generally lower also in mild AD than in MCI subjects.
Results
Statistical ANOVA analysis of the synchronization likelihood for the fronto-parietal coupling showed a significant interaction (F(24,3156) = 1.95; p < 0.003) among the factors Aging group (Nold, mild AD, MCI), Fronto-parietal electrode pair (F3-P3, Fz-Pz, F4-P4), and Frequency band of interest (delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma). Duncan post hoc testing showed that synchronization likelihood values matched the pattern Nold > MCI > AD at delta and alpha 1 (p < 0.05). At delta, this was true for right Fronto-parietal electrode pair (F4-P4; p < 0.006 to p < 7 × 10 −6 Nold > MCI > AD). At alpha 1, this was true for midline Fronto-parietal electrode pair (Fz-Pz; p < 0.001-0.006 Nold > MCI > AD) and right Fronto-parietal electrode pair (F4-P4; p < 0.003-0.002 Nold > MCI > AD).
Correlation of the aforementioned significant synchronization likelihood values (p < 0.05) with MMSE scores was performed in all subjects as whole group. Bonferroni correction was applied for three repetitions of the Pearson test (p < 0.05 corrected = p < 0.016). There was a positive correlation between synchronization likelihood and MMSE score at delta for right Fronto-parietal electrode pair (F4-P4; r = 0.23, p = 10 −4 ), at alpha 1 for midline electrode pair (Fz-Pz; r = 0.23, p = 2 × 10 −4 ), and right Fronto-parietal electrode pair (F4-P4; r = 0.20, p = 9 × 10 −4 ). Fig. 3 shows the two relative scatter plots. Table 2 reports the coefficient of the r 2 determination between synchronization likelihood and the MMSE score in all subjects considered as a whole group. The r 2 value is reported for linear, exponential, logarithmic, and power functions. In general, r 2 values for linear, exponential, logarithmic, and power functions were quite similar. No clear predominance of non-linear or linear values was observed.
Statistical ANOVA analysis of the synchronization likelihood for inter-hemispheric coupling showed no significant interaction among the factors Aging group (Nold, mild AD, MCI), Inter-hemispheric electrode pair (F3-F43, C3-C4, P3-P4), and Frequency band of interest (delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma). It is probable that the clear difference of delta and theta synchronization likelihood among groups was insufficient to render statistically significant such an ANOVA interaction.
Control analysis
Since age, education, and gender significantly differed among Nold, MCI, and mild AD subjects, a control ANOVA analysis was necessary to assure that the EEG differences among the three groups were not due to the mentioned personal parameters. We Table 2 Correlation (coefficient of determination r 2 ) between synchronization likelihood (LORETA current density) and the MMSE score in all subjects considered as a single group The r 2 value is reported for linear, exponential, logarithmic, and power function. considered sub-groups of Nold (N = 48), MCI (N = 48), and mild AD (N = 48) subjects, having practically equal age (Nold = 72.2, AD = 72.8, MCI = 71.8 years), education (7.9 years), and ratios of gender (50%). MMSE score of these three sub-groups were as similar as that of the whole sample. Statistical ANOVA analysis of the synchronization likelihood for the fronto-parietal electrodes showed a significant interaction (F(24,1704) = 1.54; p = 0.046) among the factors Aging group (Nold, mild AD, MCI), Fronto-parietal electrode pair (F3-P3, Fz-Pz, F4-P4), and Frequency band of interest (delta, theta, alpha 1, alpha 2, beta 1, beta 2, gamma). This control ANOVA analysis fully confirmed the results obtained with the larger groups. Fig. 4 showed profile and magnitude of these results in Nold, MCI, and mild AD sub-groups were similar compared to those of the larger three groups with age, education and gender bias. Compared to Nold subjects, both MCI and mild AD subjects had lower synchronization likelihood values. Therefore, it was unlikely that the synchronization likelihood differences obtained in the full groups were due to age, education, and gender.
Discussion
A crucial issue of the present study was whether frontoparietal coupling of resting EEG rhythms was sensitive to the shadow region between MCI and AD conditions, in line with the hypothesis that MCI can be considered as a pre-clinical stage of the disease at group level. The results showed that delta and alpha synchronization likelihood at fronto-parietal electrode pairs correlated with the global cognitive status (MMSE score) in all subjects and permitted to statistically distinguish MCI group from Nold and mild AD groups. These results extend previous evidence showing that fronto-parietal alpha synchronization likelihood had similar magnitude in mild AD and vascular dementia patients with comparable levels of cognitive impairment; whereas, the magnitude of the inter-hemispheric alpha synchronization likelihood decreased much less in mild AD than in vascular dementia patients [10] . Furthermore, they are in agreement with previous findings showing that global synchronization likelihood of resting alpha rhythms (each channel versus all others) was significantly decreased in AD patients, when compared to MCI and/or Nold subjects [85, 105] . Finally, they complement previous magnetoencephalographic findings in AD patients disclosing a reduction of the alpha synchronization likelihood when compared to normative data [104, 105] .
The present results showed an apparent paradox. Why did the synchronization likelihood at fronto-parietal and frontal interhemispheric electrodes decrease rather than increase in MCI and AD subjects when compared to Nold subjects? Indeed, power of resting delta rhythms is typically higher in MCI and AD patients than in Nold subjects [6, 7] . The answer requires a slight change of perspective on resting delta rhythms. They would not be just a reflection of pathological synchronization mechanisms in wake neurological subjects. Rather, delta rhythms would be present in wake normal subjects as an underground pattern of synchronization connecting frontal and parietal neural networks. They could sub-serve homeostatic pressure towards sleep, in line with previous evidence showing that in normal subjects, diurnal delta rhythms increase in magnitude as a function of the time period from last sleep episode [61, 70] . In this theoretical framework, neurodegenerative aging processes could enhance the power of local delta rhythms and disrupt the normal coordination of these rhythms in frontal and parietal areas.
When compared to fronto-parietal synchronization likelihood, inter-hemispheric synchronization likelihood was less effective to set apart MCI from normal and mild AD subjects. As aforementioned, the only exception was represented by the frontal inter-hemispheric synchronization likelihood at slow rhythms (delta and theta). It was lower in magnitude in AD patients than in MCI and Nold subjects. These findings are in accordance with preceding evidence on the functional effects of atrophy of corpus callosum [60, 70, 86, 87, 111, 117] . They are also in accordance with preceding evidence on the reduction of the inter-hemispheric coupling at slow rhythms in physiological and pathological aging [1, 53, 114] .
In the present study, the decrease of the delta and alpha synchronization likelihood was preponderant at the right frontoparietal leads in both MCI and AD subjects. However, no definitive conclusion can be drawn about that functional hemispheric asymmetry. Previous AD studies have shown the high variability of EEG results in this respect. It has been reported that the decrement of the delta coherence was maximum at the right hemisphere [79] or at the left hemisphere [67] . Other studies have pointed to a more complex hemispheric pattern of delta and alpha coherence [22, 23] . Of note, the present results could not be compared to previous evidence showing decreased theta coherence at left temporal electrodes in AD patients [1] . Indeed, the surface Laplacian estimation is not reliable at these electrodes.
Keeping in mind our synchronization likelihood findings, fronto-parietal coupling at low-band alpha rhythms seems to be the most sensitive index of the progression from normality to MCI and AD. Alpha rhythms are mainly modulated by thalamo-cortical and cortico-cortical systems [19, 84, 107] . Within extended alpha band (8-13 Hz), low-band alpha would be mainly related to a subject's global attentional readiness, whereas high-band alpha would reflect the engagement of specific neural channels for the elaboration of sensorimotor or semantic information [56] [57] [58] . In this theoretical framework, synchronization likelihood of low-band alpha suggests a progressive (maybe cholinergic) impairment from MCI to mild AD of the attentional fronto-parietal systems rather than inter-hemispherical coordination of the synchronization pattern. This explanation is in line with well-known clinical findings of increasing visual and spatial deficits in MCI and mild AD [2, 115] , the role of cholinergic systems in attention [16, 18, 24, 26, 31] , and the fact that cholinergic antagonist (scopolamine) reduced inter-hemispheric EEG coherences in normal subjects [54] . A reduced fronto-parietal coupling at low-band alpha rhythm would reflect not simply the loss of long distance axons but also the (cholinergic) basal forebrain projections to the cortex and hippocampus [55, 69] . This would have crucial effects on the cognition, which can be conceptualized as a dynamic process that requires the constant modification of different synchronized neural networks [17, 33, [37] [38] [39] 71] . This process would be reflected in spontaneous fluctuations in the mean level of synchronization of neural networks. Recent evidence is in favor of the idea that these spontaneous fluctuations (including those at low-band alpha) are reduced in AD [63] .
Conclusions
It has been previously shown that fronto-parietal coupling of resting EEG data, as revealed by synchronization likelihood, distinguishes mild AD patients with respect to Nold and vascular dementia subjects [10] . Here, we tested whether fronto-parietal EEG synchronization likelihood progressively becomes abnormal through MCI and mild AD conditions, in line with the hypothesis that MCI can be considered as a pre-clinical stage of the disease at group level. An original contribution of this study was to combine two major methodological aspects: (i) it extended the evaluation of the cortical functional coupling to large groups of MCI and mild AD subjects and (ii) focused on its spatial detail. Results showed that delta and alpha synchronization likelihood at fronto-parietal rather than inter-hemispherical electrode pairs progressively decreased through MCI and mild AD groups. As a further sign of specificity, the fronto-parietal synchronization likelihood at delta and alpha correlated with global cognitive status (MMSE score) across all subjects. These results suggest that the fronto-parietal coupling of EEG rhythms is quite sensitive to the pre-clinical stage of the AD at group level. Future longitudinal studies should ascertain whether the present EEG analysis at group level will be able to predict which individual MCI subjects will decline and develop dementia.
